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Plant fibre is the main portion of dairy cattle diets. It is also important in 
maintaining health and proper function of the rumen. However, digestibility 
of fibre is relatively low, and, in most cases, it is not more than 60%. In cell 
walls of grasses and cereals, lignin and hemicellulose are connected, forming 
a matrix. This matrix coats the cellulose and this overall structure of fibre is 
considered as the key reason for a low fibre digestibility. The main binding 
component between lignin and hemicellulose is ferulic acid. Feruloyl ester-
ases (FAEs) are enzymes that can cleave the ferulic acid linkages between 
lignin and hemicellulose. The objective of the study was to investigate the 
effect of a FAE producing inoculant (FAEI) along with physical treatment 
prior to ensiling on digestibility of silage fibres.  Ryegrass and meadow fes-
cue samples were collected during autumn 2018, chopped and thereafter fro-
zen (-20oC) until the trial was started. At the time of the trial (2019), the grass 
samples were thawed and wilted in room temperature until the dry matter 
(DM) content reached ~35%. Six treatments, in triplicate, were compared for 
the effect on neutral detergent fibre digestibility (NDFD) of the silages. The 
treatments were untreated control, inoculation with Lactobacillus buchneri 
LN4017, Mild, Harsh, inoculation plus Mild and inoculation plus Harsh. The 
Mild treatment was pounding grass samples with a metal rod and the Harsh 
treatment was mincing grass samples with a meat mincer.  After application 
of treatments, forages were ensiled in glass silos (100 mL) for 48-49 d. The 
NDFD of silage was assessed by a 96-h in vitro incubation with buffered ru-
men liquid. The pH of ryegrass and meadow fescue silages were on average 
4.4 and 4.5, respectively. In both trials, inoculation increased silage pH and 
mechanical treatment reduced silage pH. The FAEI alone or along with me-
chanical treatment had no effect on NDFD of silages.   
Keywords: ryegrass, meadow fescue, ensiling, in vitro incubation, feruloyl 
esterase, fibre digestibility. 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
 
Summary  
 
Nowadays the world population is continuously growing, resulting in a great 
human-animal food/feed competition. This drives dairy cattle production to 
replace grain feeds by forages, with less/no impairment of the animal perfor-
mance. In temperate regions, forages are mainly conserved as silage, which 
is produced from crops containing high moisture content, preserved and 
stored through airtight mechanism. Silage contains high fibre contents.  Fibre 
is needed for a normal function of digestive tract of the animal and is the main 
energy source in dairy diet, although it has relatively low digestibility. There-
fore, intensive researches are conducted worldwide to improve fibre digesti-
bility. There are some bacteria that have ability to produce a specific type of 
enzyme that can potentially improve fibre digestibility. The objective of this 
experiment was to investigate the effect of inoculation with this type of bac-
teria along with mechanical treatment before ensiling on fibre digestibility of 
grass silage. Ryegrass and meadow fescue samples were collected, chopped 
and ensiled in laboratory scale silos. The treatments were control, inoculation, 
mechanical treatments and combination of inoculation and mechanical treat-
ments. Unfortunately, treatments had no effect on fibre digestibility of grass 
silages. 
 
Keywords: ryegrass, meadow fescue, ensiling, in vitro incubation, feruloyl 
esterase, fibre digestibility. 
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The issue of food security receives considerable attention for the coming decades as 
the world population will rise and demand for animal origin foods will become 
higher. Hence, an effort to fulfil this demand can create a huge burden on the food 
system of the globe (Smith et al. 2013). Increasing productivity of livestock will 
have great contribution in feeding the ever-growing population of the world (Estrada 
et al. 2011). Likewise feeding to animals is the major input cost in almost all animal 
farming systems (Archer et al. 1999) and in the future years costs of cereal grains 
are likely to stay elevated (Guyomard et al. 2013). For this reason, dairy cattle pro-
duction is on urge to substitute grain feeds with forages, with less/no impairment of 
the animal performance. Lignocellulosic biomass is the major component in dairy 
cattle feed and is an important resource for the production of biofuels and biochem-
icals. Since lignocellulosic biomass in most cases are relatively low in digestibility, 
intensive researches are conducted in various corners of the world to boost its di-
gestibility. According to Van Soest (1994), digestibility of fibre is less than 60%.  
In ecosystems like the rumen or biogas reactors, hemicellulose and cellulose can be 
degraded but lignin cannot be degraded. In cell walls of grasses and cereals, hemi-
cellulose and lignin connect together mainly via ferulic acids. The lignin-hemicel-
lulose matrix covers cellulose and this in turn makes the fibre fraction resistant to 
utilization(Rubin 2008; Pu et al. 2013). Feruloyl esterases (FAE) (EC 3.1.1.73) can 
break connections between lignin and hemicellulose, by which, bioavailability of 
cellulose and hemicellulose is enhanced (Addah et al. 2012). However, results from 
this approach have been inconsistent. For example, experiment by Nsereko et al. 
(2008) and Kang et al. (2009) improved NDFD of silage inoculated with a FAE 
producing Lactobacillus buchneri strain while an experiment by Lynch et al. (2014, 
2015) failed to improve NDFD of silage treated by the same inoculant. One possible 
explanation could be that bonds between hemicellulose and lignin are not easily 
accessible by the FAE, due to complexity of cell wall structure. Thus, physical treat-
ments of forage before ensiling with FAE producing LAB could enhance accessi-
bility of these bonds.  
1 Introduction 
9 
 
In temperate regions, forages of high-water contents are mainly stored as silage. The 
aim of this work was to investigate the effect of a FAE producing inoculant along 
with physical treatment prior to ensiling on digestibility of silage fibres.  
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2 Literature review 
2.1 Silage 
Silage is a fermented product from anaerobic storage of high moisture content crops.  
The most common crops conserved as silage are cereal crops, legumes and grasses. 
For a successful ensiling, the first objective is to achieve anaerobic conditions. The 
most effective method is to keep the crop in a completely airtight container through-
out the ensilage and prevention of air re-entry and circulation to the silo during stor-
age. When herbage has long-term contact with oxygen during ensiling, both molds 
and yeasts grow and consequently, the material decays and becomes useless, toxic 
and inacceptable by the animal (McDonald al. 1991). The second objective is to 
inhibit growth of harmful microorganisms such as enterobacteria and clostridia. The 
effective means to hinder the undesirable microorganisms is to promote growth of 
lactic acid bacteria (LAB) or to apply chemical additives. Silage making process has 
four stages: (1) aerobic respiration immediately after filling, (2) fermentation stage, 
(3) storage phase and (4) feed-out phase (McDonald  et al. 2010). 
 
2.2 Factors affecting silage fermentation and aerobic 
stability 
 
To maximize silage nutritional quality and reduce DM loss, it is advisable to know 
the influential factors in order to apply better management practices. Silage fermen-
tation quality and aerobic stability are influenced by several factors including crop 
type, crop water contents, silo loading rate and crop compaction level and sealing 
(Weinberg & Muck 1996; Johnson et al. 2003; Borreani et al. 2007). 
 
2.2.1  Wilting  
 
Nowadays, most forages are not conserved immediately after harvesting rather they 
are required for field wilting in order to decrease water content to improve their 
ensiling potential and prevent effluent losses (Borreani et al. 2018). Comparing 
wilted grass with immediately ensiled, DM content of the wilted silage was higher 
(p < 0.05) which limited fermentation of silage (less acetic and lactic acids concen-
tration) and enhanced fermentation quality by lowering ammonia concentration 
(Zhao-hai et al. 2012). In the UK during the last 30 years, silage mean DM content 
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has increased by 8% (from 22% to 30%) (Finch et al. 2014). Wilting of different 
lengths showed highly significant effects on butyric acid, acetic acid, pH, and am-
monia-nitrogen values (p < 0.01) while, on LAB, lactic acid content, mould and 
yeast counts, WSC, NDF concentration had significant effect (p<0.05) but had no 
significant influence on CP, ADF, ether extract and counts of aerobic bacteria (p > 
0.05). This implies even though wilting has promising effect on silage fermentation 
quality, the length of wilting would have paramount importance (Liu et al. 2011). 
 
Leaving the harvested forage for extended time in field could result in aerobic fer-
mentation, which produces heat and decrease the nutritional quality of silage, cut-
ting is accompanied with various types of conditioners to speed the drying process.  
According to Borreani et al.( 1999), cutting along with diverse conditioners for Ital-
ian rye grass has visible effects in increasing wilting rates with reduced field DM 
losses, which was below 2%. While the field DM losses of alfalfa was 1.1 to 3.3% 
with conventional conditioner (rubber machine) and 3.6 to 10.2% with the severe 
mower-conditioner (steel fail machine) and also the steel fail machine conditioning 
treatment resulted in more than 20% CP losses. Therefore, they concluded that a 
mild conditioning without tedding is more suitable to wilt alfalfa to prevent exces-
sive leaves field losses. On the other hand, the harshest conditioning accompanied 
with tedding is more proper wilting treatment for grass, as it can significantly 
shorten the wilting duration with no significant effect on field losses.  
 
2.2.2  Crop type 
 
Crops having fermentable carbohydrates are easy to ensile and there is no need for 
additive treatments. Some of the crops that fulfil this parameter are whole-crop ce-
reals with high starch concentration and tetraploid or Italian ryegrass that have high 
sugar contents. Crops with low sugar contents such as legumes and short leafy 
grasses at their peak growth stage demands extra treatment for successful fermenta-
tion, such as wilting, effective additives application or both (Finch et al. 2014).  
Study by Yahaya et al. (2004) on silage fermentation quality of temperate Italian 
ryegrass and tropical elephant grass showed the Italian ryegrass silage had a higher 
fermentation quality than that of elephant grass. One reason could be the Italian 
ryegrass has more sugars. Crops with low contents of fermentable carbohydrates 
have a slow pH drop during ensiling process, which allows the occurrence of sec-
ondary fermentation. In the secondary fermentation, saccharolytic clostridia, fer-
ments acetic acid, lactic acid and residual sugars. This results in an increased con-
centration of butyric acid and pH rise. In addition, amino acids are also fermented 
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to NH3 and amine, which further reduces the nutritional quality of silage (Pahlow et 
al. 2003). 
 
2.2.3  Exposure to Oxygen 
 
When oxygen enters into the silo, aerobic  microbes, primarily yeasts, start consum-
ing acids and sugars, consequently pH and temperature of the silage rise (Pahlow et 
al. 2003). As pH rises, aerobic bacteria and bacilli grow, temperature increases fur-
ther; then moulds start growing which further deteriorate silage quality.  If there is 
aerobic deterioration, the efforts made to produce a high quality silage is nullified  
(Borreani et al. 2018).  
 
Slow silo filling and late sealing adversely affects the silage quality. Brüning et al. 
(2018) stated delayed sealing for about four days resulted in 11% DM losses, an 
increase in yeast population, declining of WSC contents by 65% of the forage before 
ensiling. It also results in ethyl esters formation during the fermentation time, that 
can reduce the palatability of the forage. Late sealed silos (with no additive) had 
lower lactic acid contents compared with prompt sealed silos (with no additive) 
(Weiss et al. 2016). This delayed sealing may promote extended aerobic respiration 
by the crop enzymes or numerous aerobic epiphytic microbes that compete for read-
ily fermentable carbohydrate with the LAB (McDonald et al. 1991; Pahlow et al. 
2003). When the packing is delayed, it also increases the activity of heteroferment-
ative LAB and enterobacteria which leads to high acetic acid concentration (Weiss 
et al. 2016).  
 
An experiment was conducted by Borreani et al. (2007) to compare the efficiency 
of conventional polyethylene with a recently developed  oxygen barrier in silage 
quality. The study revealed the new oxygen barrier improves silage aerobic stability 
and reduces DM loss during fermentation, storage and fed-out phases. Comparing 
to the surface losses during the storage phase, contact to oxygen in the feed-out 
phase is stronger, once the silo is unsealed air penetrates up to four m deep into the 
silage particularly the surface part of the silo (Vissers et al. 2007). Nowadays it is 
well understood that feed-out phase is equivalently as important as the fermentation 
and stable phases from the point of maintaining good silage quality and nutrient 
preservation perspective (Borreani & Tabacco 2010; Driehuis 2013).  
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2.2.4  Weather  
 
High temperature in the course of ensiling and rain at harvesting negatively affect 
fermentation and aerobic stability of the silage (Garcia et al. 1989). Proteolysis and 
effluent production can occur when it rains during crop collection (McDonald,P. et 
al. 1991; Fransen & Strubi 1998). Elevated temperature at ensiling decreases con-
centration of lactic acid and aerobic stability, as well increases DM loss and pH 
value (Ashbell et al. 2002). Both the fermentation speed and microbial species that 
lead fermentation are affected by temperature during ensiling. Ensiling at 40oC in-
creased pH, concentration of residual WSC and ammonia-nitrogen; and hence re-
sulted in a lower lactic: acetic acid ratio, which implies poor fermentation, high sec-
ondary fermentation and proteolysis. Overall, this experiment revealed that corn si-
lage fermentation is negatively affected by high ensiling temperature (Kim & Ades-
ogan 2006).  However study by Weiss et al. (2016) found profound effect of high 
temperatures (35 vs. 20°C) on the improvement of aerobic stability.  
 
A trial was carried out to evaluate minimum temperature needed for successful fer-
mentation of whole-crop maize silage (Pauly 2010). The silages were made at 18, 
12, and 6°C in the first year and 21, 14, 7 and 3oC in the second year. Taking into 
account the information shortage about 2-3oC treatment, a temperature of 6oC 
seemed to be the minimum temperature for whole-crop maize ensilage. At 6°C the 
silage pH was four in 60 d of fermentation. However, these silages had higher eth-
anol and lower acetate and lactate than silages kept at elevated temperatures (Pauly 
2010). In addition, grasses in sunny weather are likely to have high sugar levels. 
Maximum grass sugar or WSC level has been recorded in grasses harvested in the 
afternoon of a sunny day (Finch et al. 2014). This reflects weather can directly af-
fects the constituents of the live plant and as a means affects positively or negatively 
the fermentation quality of the respective silage.  
 
2.2.5 Silage additives  
 
Microbial inoculates  
 
Previously it was believed that natural LAB count of forages is sufficient to assure 
well-fermented silage. But later it becomes clear that many crops have insufficient 
levels of LAB and others have even detrimental strains for proper silage making 
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process. Effectiveness of microbial inoculants on silage fermentation is dependent 
on the levels of WSC and inoculation rate,  recommended to be higher than log 5 
cfu/g fresh crop (McDonald  et al. 2010).   
 
Inoculation of fresh forage with homofermentative and heterofermentative LAB in-
creases fermentation of WSC; as a result, produces enough amount of lactic acid to 
drop the pH and inhibit the effect of detrimental epiphytic microorganisms and 
maintain the nutritional quality of the silage (Ogunade et al. 2016; Silva et al. 2016). 
On the other hand, homofermentative or facultative heterofermentative LAB  inoc-
ulants are poor in maintaining aerobic stability of the silage during open phase, as 
these inoculants produce lower amounts of acetic acid, an inhibitor of yeasts and 
molds growth, while, produce more lactate which can be the substrate for yeast 
growth (Weinberg et al. 1993).  Nevertheless, inoculation with facultative heterofer-
mentative or homofermentative LAB has encouraging effect on animal performance 
and silage fermentation although their degree of effectiveness relies on the species 
of inoculant, forage type; and related management activities during ensiling (Wein-
berg & Muck 1996). 
 
In one study, crops inoculated with facultative heterofermentative LAB had a low 
pH both in tropical and temperate grasses and legumes. All the inoculated crops 
(excluding alfalfa) had lower acetic acid concentrations than the controls (Oliveira 
et al. 2017). In addition to improving silage fermentation, these bacteria also im-
prove feed efficiency, daily weight gain and milk production (Weinberg & Muck 
1996).  
 
 
At mid1990th, aerobic stability improving inoculant (L. buchneri) reached to the 
market. This inoculant is an obligate heterofermentative LAB species that produces 
acetic acid and 1,2-propanediol via anaerobic fermentation of lactic acid thus, im-
proves successfully aerobic stability of various silage types (Oude Elferink et al. 
2001). The efficiency of the L. buchneri depends on the strain and application rate 
of the inoculant (Taylor & Kung 2002; Kleinschmit et al. 2005). According to the 
meta-analysis by Kleinschmit & Kung (2006) the aerobic stability of corn silage 
inoculated with >100,000 cfu of L. buchneri/g of fresh forage was 503 h, while it 
was 35 h for corn silage inoculated with ≤ 100,000 cfu of L. buchneri/g of fresh 
crop, but for the control treatment, it was only 25 h. There is a concern by some 
studies for DMI reduction because of the high production of acetic acid. However, 
(Kristensen et al. 2010) reported no negative effects on milk production, reproduc-
tion, health and intake comparing silage treated with L. buchneri 40788 to control 
silage.  
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As L. buchneri have saccharolytic and fibrolytic enzymes, silages inoculated with 
L. buchneri had reduced contents of NDF and ADF compared to silages without 
inoculation. However, the fibre concentration of the silages treated with the highest 
application dose of L. bucheri did not differ from the untreated silage (Kung & Ran-
jit 2001). Studies showed that lactic acid conversion to acetic acid anaerobically by 
L. buchneri demands 1-2 months. 1,2-propanediol which is an indicator of lactic 
acid conversion to acetic acid was not manifested in five days of fermentation, but 
it was occurred after 45 days of fermentation in silage inoculated with L. bucheri 
40788 (Kleinschmit & Kung 2006).  
 
Generally, a mixture of facultative heterofermentative and homofermentative LAB 
as inoculant can rapidly decrease the pH in the early weeks of fermentation and then 
during the stable and open phase, L. buchneri converts lactic acid to acetic acid that 
increases stability of the silage (Muck et al. 2018). 
 
 Chemical additives  
 
chemical additives include acids and their salts. Examples of acids are propionic, 
benzoic, acetic, formic and sorbic acids. Perennial ryegrass silage treated with 0.1% 
sorbic acid had improved fermentation with reduced concentration of propionic, 
acetic and butyric acids, ammonia-nitrogen and ethanol (Shao et al. 2007). Improve-
ments in silage fermentation quality by addition of chemical additives resulted in 
reduced DM losses. Such as, formic acid mixed with ammonium formate applied to  
wilted or direct cut grass silages at rate of 3 to 6 L/t caused reduction in the pH via 
direct acidification, a limited WSC fermentation, and diminished proteolysis and 
acetic acid formation (Saarisalo et al. 2006; Conaghan et al. 2012; Seppälä et al. 
2016).  Similarly, first cut timothy-meadow fescue grass silage ensiled with formic 
acid at 5 L/t had a restricted silage fermentation, lower ammonia-nitrogen and 
higher WSC content (p<0.001) compared to silages with no additives or treated with 
stabilized aqueous solution of hydrogen peroxide-sodium benzoate (Heikkila et al. 
2012).   
 
The impact of chemical additives on the silage quality could depend on the crop 
type. For instance, effect of formic acid-based treatment is crop specific. Addition 
of formic and propionic acids mixture to maize silage promoted high ethanol and 
ethyl ester formations but a mixture of formic acid and nitrite/hexamine declined 
ethanol production and ethyl esters concentration in lupin-wheat silage (König et al. 
2017). 
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Application of mixture of several salts like potassium sorbate, sodium nitrite and 
sodium benzoate effectively enhanced quality of silage fermentation for forages 
having both low and high DM contents (Knicky & Spörndly 2011). Forages with 
less than 30% DM content treated with these salt mixtures had a reduced clostridial 
growth and consequently formation of butyric acid and ammonia was decreased. In 
crops with moisture content less than 65% treated with similar additive mixture, 
yeast activity was effectively eliminated in the silages upon silo opening phase. In 
another work, treatment of crops with salt-based additives at ensiling improved aer-
obic stability and reduced DM losses of silage (Knicky & Spörndly 2011). Addition 
of formic/propionic acid limited proteolysis and fermentation which in turn im-
proved feed conversion efficiency, DMI and daily live weight gain of animals (Win-
ters et al. 2001). Grass silage treated with 3.3 L/t formic acid fed to 400-kg Charolais 
X Friesian steers increased DMI from 7.4 to 8.4 kg/d and live weight gain per day 
from 0.67 to 0.94 kg, resulting in an improved feed conversion efficiency by 26% 
(Winters et al. 2001). The animal performance improvement was due to enhanced 
amino acid balance by attaining rapid pH drop during ensiling, hindering enzyme 
activity and inhibition of proteolytic bacteria (Winters et al. 2001). Alfalfa silage 
treated with ammonium tetraformate (7 L/t), compared to control treatment showed 
reduced protein proteolysis, evidenced from a reduced concentration of ammonia-
nitrogen, soluble NPN and free AA-N (Broderick et al. 2007). Cows fed the treated 
silage increased DMI by one kg per day resulted in increased true protein contents 
of milk, meaning a better utilization of ingested N (Broderick et al. 2007).  
 
 
 Enzymatic additives 
 
A number of enzymes have been added to forage at ensiling to enhance quality of 
fermentation and maintain silage nutritive value.  Fibre digesting enzymes (cellulase 
and hemicellulase) could partly degrade the fibre portions of the plant (cellulose and 
hemicellulose), supplying WSC for fermentation of LAB., Similarly, addition of 
enzymes such as pectinase, b-glucanase, glucanase to maize and alfalfa for-
ages at ensiling increased lactic acid and  reduced ammonia, butyric acid and 
pH and thereby, improved silage fermentation quality (Dehghani et al. 2012). 
Even though fibre digesting enzymes can improve silage digestibility, extensive re-
lease of readily fermented carbohydrates could also increase risks of aerobic deteri-
oration as residual WSC can be used by molds and yeasts (Kung and Muck, un-
published data). Application of cellulase and xylanase mixture along with a FAE 
producing inoculant to corn forage at ensiling resulted in a lower pH value and 
greater WSC of silage than the enzymes mixture treatment alone.  Also, the silage 
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treated with enzyme mixture treatments only displayed elevated yeast counts and 
lowered DM recovery (Lynch et al. 2015). 
 
2.3 Fibre fraction of grasses 
 
Fibre is defined as the organic part of feeds with low digestibility, while non-fibre 
is portion of feeds that is easily and almost entirely digested by most animals 
(Mertens 2002).  Plant fibre, found in the cell walls, is divided in to two parts: sol-
uble or insoluble in the neutral detergent (ND). The insoluble part, known as NDF, 
is mainly the crosslinked matrix that forms the rumen mat, promoting normal rumen 
function, and comprises mainly lignin, cellulose and hemicellulose (Van Soest et al. 
1991). 
 
 
 
2.3.1  Fibre requirements 
 
Fibre plays a great role in maintaining healthy rumen and keeping standard milk fat 
in dairy cattle. Enough rumination and cellulose degradations are reflections of nor-
mal rumen performance in dairy cow which help to buffer the rumen pH and main-
tain cellulase producing microorganisms.  This results in a greater acetate to propi-
onate proportion in the rumen needed for normal lipid metabolism (Van Soest et al. 
1991). For animals fed easily digestible feed, fibre inclusion induces chewing and 
as a result more saliva with bicarbonate will flow to the rumen and dilute the acids 
released during ruminal fermentation.  Hence, risk of subacute rumen acidosis is 
decreased and feed digestibility and utilization is improved (Allen 1997). 
 
 
In addition to NDF amount and particle size, net fermentation rate, cation exchange 
and buffering capacity, amount of nonfibrous carbohydrates, ratio of starch to non-
starch polysaccharides and protein supply have key effects on the rumen environ-
ment and microbes efficiency (Van Soest et al. 1991).  Fibre is the main energy 
source in ruminants’ diet. About 70% of energy requirement of ruminants is sup-
plied from volatile fatty acids produced in the rumen (Bergman 1990). As major 
parts of volatile fatty acids are produced from the ruminal degradation of fibre, im-
proving fibre digestibility is important (Bergman 1990). 
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2.3.2  Fibre content evaluation 
 
Fibre analysis was conducted for the first time in 1860 by the method called proxi-
mate analysis at Weende laboratory in Germany. Fibre was measured as crude fibre 
where acid and alkaline were applied to filter the fibre fraction. Hemicellulose, as a 
part of fibre fraction, is degradable by acid, thus, crude fibre underestimate the 
amount of fibre.  To fill this gap original NDF analysis procedure was introduced 
by Van Soest & Wine (1967) as described in (Van Soest et al. 1991). However, the 
original NDF method was unable to remove the starch from starchy feeds, hence 
this method was modified via inclusion of amylase (Robertson &Van Soest, 1981) 
see in (Chai & Udén 1998). 
 
 In the standard procedure by Van Soest et al. (1991), samples are boiled with ND 
solution. An alternative method was developed by Chai & Udén (1998) in which 
samples are incubated overnight with ND solution. The authors also suggested 25% 
strength ND solution can be used for feeds with low contents of protein but for high 
protein content feedstuff, the standard procedure of (Van Soest 1991) is more ap-
propriate.  As some samples can be contaminated with soil and soil is ended up in 
the NDF fraction, NDF can be corrected for the ash content to avoid this issue.  
 
 
2.3.3  Constituents of fibre fraction 
 
Grasses are the main source of dairy cattle feed. In order to utilize grasses effi-
ciently, it is important to have good understanding about the physical, chemical and 
biological characteristics of grass cell wall. There are two types of cell walls called 
as primary and secondary cell walls. The growing cells of plants are surrounded by 
primary cell walls, which comprise mainly cellulose, hemicellulose and pectins. 
When the cells growth is ceased, they develop a secondary cell wall (structural car-
bohydrates plus lignin) to obtain additional strength (Scheller & Ulvskov 2010). The 
secondary plant cell wall comprises mainly lignin (10-30 %), cellulose (30-50 %) 
and hemicellulose (15-35 %). 
  
Cellulose is a common constituent to all plants, but its level varies among plants.  It 
is a single polymer which is available in large quantity in the plant kingdom. Cellu-
lose is formed from repeating single glucose units linked by ß -1,4 glycoside linkage 
which in turn, reduces solubility of cellulose. Cellulose chains (molecules) formed 
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together by inter- and intra-molecular hydrogen bonding to form condensed aggre-
gates called microfibrils (Gardner & Blackwell 1974; McDonald et al. 2002).   
 
Hemicellulose is one portion of the plant cell wall solubilized in alkali. It is a heter-
ogeneous carbohydrate composed largely of D-xylose, D-Mannose, D-galactose, D-
glucose and arabinose units, tied together in numerous combinations and through 
diverse glycoside linkages (McDonald et al. 2002). Some researchers recommend 
the term hemicelluloses instead of hemicellulose because this group of polysaccha-
rides is still not well understood in terms of structures and biosynthesis. Neverthe-
less, it is generally agreed to use the term hemicellulose/hemicelluloses for a group 
of structural carbohydrates that is neither cellulose nor pectines and having β-
(1→4)-connected backbones of Mannose, xylose or glucose (Scheller and Ulvskov, 
2010). Ferulate esters are important bonds that cross-linked covalently hemicellu-
lose to lignin. These cross-linking ferulate esters reduce ruminal degradation of 
hemicellulose and cellulose (Scheller & Ulvskov 2010). 
 
Another important part of the plant cell wall is lignin, which is not a carbohydrate.  
Lignin does not represent a single well-defined compound. Next to cellulose, lignin 
is the largely abundant natural polymer in the world. Grass lignin polymers are made 
up of three major unit types, guaiacyl, hydroxyphenyl, and syringyl units linked via 
biphenyl ether bonds (4-O-5 and 5-O-4), aryl ether bonds (ß-O-4 and α-O-4 link-
ages), and/or resistant carbon- carbon bonds (ß-5, ß-ß and 5-5). Ferulic acid, p-cou-
maric acid and p-hydroxycinnamates are also ester or ether linked to lignin. Lignin 
receives a great emphasis in animal nutrition since it is not digestible by digestive 
enzymes of animals. Lignin seals the open spaces within  hemicellulose and cellu-
lose and this in turn hinders digestibility of cellulose and hemicellulose (McDonald 
et al. 2002; Ralph et al. 2004). 
 
 
2.3.4 Factors affecting fibre digestibility 
 
Plant cell wall elements are analysed not only to recognize their structure but also 
to know and evaluate their nutritive value. When NDF digestibility of forage is high, 
DM intake and milk production of cows is also increased. Thus, forage NDF digest-
ibility must be quantified to evaluate quality of forage (Oba & Allen 1999). 
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Plant maturity 
Forage digestibility reduces as the maturity of the plant increases; this is because of 
the increased proportion of lignin in the plant cell wall. Therefore, it is advised to 
consider maturity stage of forage at harvesting to balance the grass yield and digest-
ibility (Van Soest 1994). According to an experiment by Bosch et al. (1992)  grass 
silages with higher maturity had higher share of cellulose, hemicellulose, lignin and 
lower crude protein content compared to silages from grass harvested at younger 
age. Both cellulose and hemicellulose digestibility were decreased as the cell wall 
percentage increased. The digestibility variations indicate that when the maturity 
stage of forage increases the amount and distribution of lignin in the cell wall of 
plant also increase. The lignin is cross-linked to cellulose and hemicellulose which 
protects them from degradation by the rumen microbes. As a result, digestibility of 
structural carbohydrates in the cell wall is reduced with plant maturity (Engels 
1987). 
 
Cutting number has also influence in NDFD of the forages. Forages from a higher 
cutting number have a lower digestibility compared to forages with a lower cutting 
number. An experiment by Dohme et al. (2007) revealed cutting number of English 
ryegrass, Italian ryegrass, red clover and lucerne had an influence on NDF degrada-
bility where NDF degradability of second cut forage was lower than the first cut 
forage. 
 
 
Fibre source 
 
Degradability of different grasses varies for many reasons.  Temperate grasses are 
more degradable than tropical grasses. This is because temperate grasses contain 
more mesophyll, phloem cells and less lignin content as well as less parenchyma 
and epidermal bundle sheath cells (Akin,1986) as described in (Buxton & Redfearn 
1997). 
 
 Digestibility and utilization of fibre from different forges are different. Degradabil-
ity of lignified cell wall in grasses is extensively higher than that of in legumes with 
similar lignin thickness. The reason for differences in degradation can be revealed 
by structural analysis of cell walls of legumes and grasses (Jung & Engels 2001). 
Another study argued that even though legume fibres are more lignified and are less 
digestible than that of grasses, legume forages are better degraded than grass forages 
because legumes have less fibre (Buxton & Redfearn 1997). However (Beever et al. 
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1985) reported that ruminal digestibility of OM and cellulose of perennial ryegrass 
was higher than fresh white clover in cattle fed these two diets.  
 
 Lignin composition, lignin content and cell wall crosslinking are the main factors 
that have great impact on the digestibility of forages (Jung 2012). Even within a 
single plant species genotypic variation  exists in lignification  thus digestibility 
differs accordingly (Moore & Jung 2001a). 
 
 
Animal genetic make-up 
 
Cows of different breeds have diverse efficiency in grass digestion (Berry et al. 
2007). The NDF and ADF digestion was lower in Holstein lactating cows compared 
to Jersey and Jersey x Holstein Friesian cows. Jersey and Jersey x Holstein-Friesian 
cows had larger rumen size than Holstein dairy cows, which could be the reason for 
the effect observed (Beecher et al. 2014). Passage rate is lower when the rumen size 
is larger. This bigger size of the rumen can give more time to rumen microbes to 
adhere and degrade the feed (Beecher et al. 2014). Similarly, beef steers with better 
digestion capacity showed 10% feed conversion efficiency difference (Richardson 
& Herd 2004). 
 
2.3.5 Methods to improve fibre degradability in the rumen 
 
Physical feed treatment 
 
It is hard for rumen microbes to reach the interior layers of the lignified plant cells 
unless cells are physically raptured (Jung et al. 2012). As a result, one-third of the 
cells of the grass pass the rumen without digestion (Jung et al. 2012). An experiment 
by Weisbjerg et al. (2018) was conducted to find out impact of pre-ensiling physical 
treatment on grass-clover silage fibre digestibility. The plant was shredded by a 
shredder, without being chopped and then was ensiled. The ruminal digestibility of 
silage fibre was improved. This could be due to the physical damage of the cell wall 
of the silage that gave a chance to rumen microorganisms to directly adhere to the 
fibre (Hong et al. 1988). However, in a study conducted with ryegrass silage, mac-
eration prior to ensiling decreased fibre digestibility. This could be because of a 
higher leaf losses during maceration (Broderick et al. 2007). 
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According to Bal et al. (2000) feed processing of corn silage can affect total tract 
digestibility of fibre. The authors observed reduced NDF and ADF digestibility with 
finely processed silages (0.95 cm length).  
 
 
 
Microbial treatment 
 
Previous studies showed that feruloyl esterases can unlock the association between 
hemicellulose and lignin of plant fibres and this can in turn increase ruminal degra-
dation of fibres (Nsereko et al. 2008). Several species of Lactobacillus genus are 
shown to produce the feruloyl esterase (Donaghy et al. 1998). An experiment was 
conducted by Nsereko et al. (2008) to study the effect of FAE producing inoculants 
on the NDF digestibility of perennial ryegrass and whole plant corn silages. The 
authors tested several FAE producing strains and found increased in in situ NDFD 
of silages. In other study, NDFD of vigoro61R36 corn cultivar inoculated with FAEI 
was improved by 11% compared to the untreated silage (Kang et al. 2009). A further 
work by Jin et al. (2015) with barley silage and using L. buchneri mixture inoculants 
as FAEI showed similar results on NDFD. On the other hand, there are some works 
in which this approach did not improve NDFD. In the work of (Lynch et al. 2014, 
2015) in which  alfalfa and corn, respectively, were ensiled with FAE producing 
strain of L. buchneri, no effect was found on fibre degradability. Silage inoculants 
can also act as probiotics, meaning the silage can deliver specific type of microbes 
to the rumen (Weinberg et al. 2004). 
 
 
 
Enzymatic treatment 
 
Plant cell wall digesting enzymes (hemicellulases and cellulases) are the most 
known enzymatic additives used for silage production. They are often added to si-
lage to provide substrates for silage fermentation. In this matter, application of cell 
wall degrading enzymes is more relevant for tropical crops as these crops have gen-
erally low sugar contents (Nadeau et al. 2000; Khota et al. 2016). There is also 
evidence that fractional damage of the plant cell wall by these enzymes could en-
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hance ruminal degradability of silage (Kung, 2014). To increase their effects, cellu-
lase and hemicellulase are usually applied together. In a study on (Guo et al. 2014), 
in vitro  fibre digestibility and fermentation quality of mixture of whole-crop corn 
and barley straw were improved when fibrolytic enzymes comprising xylanases and 
cellulases were applied at ensiling. Addition of fibrolytic enzymes together with 
bacterial inoculants has also shown promising results in increasing in sacco NDF 
solubility, silage fermentation quality and enhancing feed efficacy of beef cattle 
(Zahiroddini et al. 2004). 
 
On the other hand, there are some instances in which application of fibrolytic en-
zymes reduces fibre digestibility of silages. In an experiment by Nadeau et al. 
(2000),  NDFD of orchard grass and alfalfa silages treated with cellulase was re-
duced by 18%. Similarly, (Jaakkola et al. 1990) found a reduced NDFD of silage 
treated with cellulase at ensiling. One possible explanation is that under certain con-
ditions, easily digestible parts of the NDF are degraded during ensiling, leaving less 
degradable fibre for rumen microbes  (Nadeau et al. 1996).    
 
Enzymes can also be added directly to feed before ingestion, which can enhance 
removal of the structural barriers that hinder the efficiency and discharge of soluble 
carbohydrates from the cell wall of the plant in the rumen. As a result, the rumen 
microorganisms will have more chance to directly contact with the soluble carbo-
hydrates and digest them (Beauchemin et al. 2004).  
Plant lignin reduction through breeding/mutation 
 
Lignin concentration has negative correlation with fibre digestibility of forages 
hence breeding and mutation could be used to reduce lignin contents of plants. A 
typical example is brown-midrib maize, a mutated variety, with altered composition 
and reduced concentration of lignin comparing to the normal genotypes of maize. 
As a result, fibre digestibility of this maize variety was improved (Cherney et al. 
1991).  
 
According to Jung and Deetz (1993) as described in (Moore & Jung 2001b) the key 
reason for lignin to hinder  grass cell wall digestibility is the ferulate cross-linking 
of lignin to structural carbohydrates. Therefore, to enhance utilization of structural 
carbohydrates, genetic engineering and breeding can be implemented to produce 
grasses with low lignin-structural carbohydrates cross-linking (less ferulate acids). 
It was previously shown that  direct selection of grasses for lower ferulate crosslink-
ing of -lignin to structural carbohydrate resulted in improvement of bromegrass cell 
wall degradation (Grabber 2005). 
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3 Material and methods 
 
3.1  Grass preparation 
One sample of 2nd-cut ryegrass (Lolium perenne) and one sample of 2nd-cut meadow 
fescue (Festuca pratensis) were collected in Uppsala, Sweden during Autumn 2018. 
Heads of ryegrass sample were fully developed whereas meadow fescue had no 
heads. Samples were chopped by a stationary chopper to an approximate length of 
5 cm and stored at -20°C until the experiment was started in the spring 2019.  
 
3.2 Inoculant preparation and analysis 
 
The Lactobacillus buchneri LN4017 (ATCC no. PTA-6138) was cultured in 9 mL 
MRS broth (Merck KGaA, Darmstadt, Germany) for 48 h at 37°C after which, the 
bacterial culture was centrifuged at 4000 × g for 5 min. The bacterial pellet was 
suspended in 1 mL suspensions of Ringer solution (Merck KGaA, Darmstadt, Ger-
many) before storage at -80°C. 
 
Viability and counts of the inoculant were checked prior to applying to the grass 
samples. The MRS agar (Merck KGaA, Darmstadt, Germany) plates were prepared 
according to manufacturer’s instruction. One of the frozen bacterial stocks was 
thawed at room temperature and serial dilutions was prepared, with Ringer solution 
as diluent. An amount of 100 µL was spread on MRS agar plates and plates were 
incubated anaerobically at 37oC for 48 h.  
 
To enumerate epiphytic LAB of forages, an amount of 20 g forage, in duplicate, was 
taken randomly from each crop before adding 180 mL Ringer solution and macera-
tion for 2 min in a stomacher (Seward 3500, Seward Ltd, Worthing, UK). Serial 
dilution was prepared from the bacterial suspension and culturing was done on MRS 
agar plates as described above.  
25 
 
3.3 Ensilage  
Grass samples were thawed and wilted in ambient temperature, hence the DM con-
tent of the samples reached ~35%. Six treatments, with three replications, were com-
pared for their effect on NDFD of silages: untreated control, inoculation with L 
buchneri, mild mechanical treatment (Mild), harsh mechanical treatment (Harsh), 
inoculation plus Mild and, inoculation plus Harsh.  The Mild treatment was hitting 
grass samples (200 g) with a 4.8-kg metal rod from a height of 55-cm for 100 times 
(Figure 1) and the Harsh treatment was mincing grass samples (200 g) with a meat 
mincer using a 12.8 mm die (Figure 1). For the inoculation, 5 mL bacterial solution 
was sprayed over 100 g forage sample and sample was mixed well before ensiling 
in glass tubes (100 mL). For the control, forage was sprayed with 5 mL Ringer so-
lution. Silos were sealed with water-lock and stored at room temperature for 48-49 
d. After silo opening, 15 g distilled water was added to 15 g silage before storage in 
a fridge overnight. In the following morning, silage juice was extracted by hydraulic 
pressure and pH of the silage juice was measured with a pH-meter (Metrohm 654, 
metrohm AG, Herisau, Switzerland). 
3.4 Chemical analysis 
Grass and silage samples were dried (60°C, 18 h) and milled by a hammer mill 
(KAMAS Slagy 200, Malmö, Sweden) with a 1-mm screen. DM, ash, and OM (or-
ganic matter) were analyzed according to the procedure by (AOAC  1990). To de-
termine the DM contents, the semi-dried and ground samples were dried at 103oC 
for about 18 h. The ash content was estimated by incineration at 550oC for about 3 
h. OM was calculated by subtracting ash from DM. 
For the silage samples, as there are losses of volatiles during drying, the estimated 
DM was corrected using 1.577+0.992 × (DM%) as described by (Mogodiniyai 
Kasmaei et al. 2015).  
Nitrogen concentration was measured by the Kjeldahl technique (Kjeltec 1030, 
Tecator, Höganäs, Sweden) and was expressed as CP by multiplication with 6.25.  
WSC was measured by enzymatic method as described by (Udén 2010) 
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Figure 1. The metal rod and container used for mild mechanical treatment and the meat mincer used 
for harsh mechanical treatment. 
 
 
Figure 2. Mechanically treated fresh ryegrass. From left to right: control, Mild and Harsh treat-
ment. 
 
 
Figure 3. Mechanically treated fresh meadow fescue grass: From left to right: control, Mild and Harsh 
treatments 
NDF of grass prior to ensiling  was measured according to (Chai & Udén 1998) by 
incubation with ND solution overnight and treatment with amylase and sodium sul-
fite before ashing. 
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3.5  In vitro NDFD of silage  
 
Prior to the in vitro incubation to estimate NDFD of silages, silage samples were 
extracted by water to remove major parts of water-soluble nutrients. An amount of 
5-g ground silage was incubated with 50 mL distilled water at 85oCfor 2 h before 
drying the extracted residue at 60oC for 18 h.  The DM content of the residues was 
measured by weighting 1-g and drying at 103oC for 18 h.   
3.5.1 NDF concentration of water extracted samples 
A quantity of 0.5 g dried residue was weighed in P2 glass filter crucibles (40-100 
µm) fitted with rubber stopper on the bottom and 50 mL ND buffer solution was 
added. Crucibles were covered with aluminum foil and a few holes were made in 
the aluminum foil. The crucibles were incubated at 85oC for 22 h and agitated fol-
lowing 2-h incubation. Upon completion of incubation, the rubber stopper was re-
moved, and the crucibles were drained and rinsed with approximately 20 mL hot 
distilled water. Afterwards, the crucibles were placed on a suction manifold and 
washed with hot distilled water until there was no foam. This was followed by wash-
ing twice with acetone before drying at 103oC for 18 h.  
3.5.2  In vitro incubation 
Gas Endeavour system (Gas Endeavour, Bioprocess Control AB, Lund, Sweden), 
with 15 incubation chambers (Figure 4) was employed for the in vitro incubation. 
The system allows real-time measurements of gas produced. Two in vitro incubation 
batches were run, one for the water extracted ryegrass silage and one for the water 
extracted meadow fescue silage. P2 glass filter crucibles were used as the incubation 
vessel. From each treatment, two replicates were connected to the gas measurement 
unit and one replicate was sealed with a water lock. Three negative controls (no 
substrate) were also included in each run, with two being connected to the gas meas-
urement unit and one being sealed with water lock. 
 
Preparation of in vitro incubation  
  
VOS buffer solution (2 L) was prepared one day prior to the in vitro incubation. The 
proportion of ingredients per 1 L buffer solution was 8.50 g NaHCO3, 0.50 g 
(NH4)2HPO4, 5.80 g K2HPO4, 1.00 g NaCl, 0.01 g FeSO4•7 H2O, 0.50 g MgSO4•7 
H2O, and 0.10 g CaCl2. The ingredients were dissolved in distilled water. The 
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FeSO4•7 H2O and CaCl2 were dissolved separately before adding to the buffer. The 
NaHCO3 was added approximately 40 min prior to the onset of incubation to keep 
the buffering capacity and pH level in a needed range. The VOS buffer solution was 
placed in a water bath (38oC) and were gassed with CO2 overnight. An amount of 
0.5 g DM of water extracted samples was weighed into P2 glass filter crucibles. 
Rumen fluid sample was obtained from a rumen fistulated Swedish Red and White 
breed, fed at maintenance level, 2 h after morning feeding. The cow was main-
tained under ethics approval by Uppsala Ethics Committee (C 142/14). The ru-
men fluid was transferred in a pre-warmed Thermos to the laboratory within 30 min, 
after which, it was filtered (1-mm screen) and 40 mL was added to 1960 mL buffer.  
Thereafter, 50 mL of diluted rumen fluid was poured into glass filter crucibles and 
crucibles were sealed as described above. The incubation was performed at 38°C 
for 96 h. The negative controls were used to correct gas production data and residual 
NDF for contribution from buffered rumen liquid.  After terminating the incubation, 
the crucibles were drained, and pH of the incubation medium was measured by a 
pH meter. Residual NDF in the crucibles was estimated by incubation with 50 mL 
of ND buffer as described in section 3.5.1 with only difference of agitation of cru-
cibles also in the morning before terminating the incubation.   
 
 
 
 
Figure 4. An image of the experimental setup. The gas measurement unit of Gas Endeavour 
(Bioprocess Control AB, Lund, Sweden) was used to record the gas production. 
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Calculation  
The NDFD was calculated as the portion of incubated NDF disappeared during in-
cubation. DM loss during ensiling was calculated as the portion of silage DM dis-
appeared during ensiling.  
 
3.6 Statistical analysis  
General Linear Model procedure of Minitab (Minitab®18.1, Minitab, Ltd., Coven-
try, UK) was used to analyze the data. The statistical model included a factorial 
procedure with two factors (inoculation and mechanical treatment) and the interac-
tion of the two factors. The significant level was declared at p < 0.05. The Tukey 
method was used for pairwise comparison. 
 
 
, 
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4.1 Chemical and microbial composition  
The chemical composition of ryegrass and meadow fescue is presented in Table 1. 
The pre-ensiling chemical composition of ryegrass  was similar to that of (Jatkaus-
kas et al. 2013) while for meadow fescue it was comparable to that of  (Gregorini et 
al. 2009). The DM, NDF and WSC contents of ryegrass were 360 (g/kg), 437 (g/kg 
DM) and 70 (g/kg DM), respectively, while the DM, NDF and WSC of  meadow 
fescue were 350 (g/kg), 455(g/kg DM) and 59 (g/kg DM), respectively. . 
 
Table 1. Chemical composition (g/kg DM unless otherwise stated) of ryegrass and 
meadow fescue grasses before ensiling. 
Item Crops 
 Ryegrass Meadow fescue 
DM(g/kg) 360 
 
350 
 
Ash 119 
 
125 
OM 881 875 
CP 193 198 
NDF 437 455 
WSC 70 59 
 
DM= dry matter, OM= organic matter, NDF= neutral detergent fibre, CP = crude protein  
 
 
4 Result and discussion 
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Chemical composition of ryegrass and meadow fescue silages is presented in Table 
2 and 3 respectively. In some replicates, the estimated DM loss was negative, and, 
in this case, the DM loss was considered zero. DM loss in one of the replicates of 
inoculation plus Harsh treatment in the meadow fescue trial was 12% higher than 
the average value of the other two replicates and thus, it was excluded from the 
analysis. This could have been due to an error during estimating the DM content of 
this silage replicate, which was 4% lower than the average of the other two repli-
cates. This in turn resulted in calculating a lower DM content remained after ensiling 
for this replicate compared to other two replicates. 
 
For ryegrass silage, the DM contents of silages treated with the inoculant were lower 
than the silages treated without inoculation. The DM content of silages treated with 
Harsh was lower compared to control and Mild treatments. However, the interaction 
effect of the inoculation and mechanical treatments was not significant. The DM 
loss did not show any significant differences in all treatment categories. For meadow 
fescue silage, DM content and DM loss did not differ by any of the treatments.  
 
In general, the treatments had no effect on DM losses during ensiling. However 
previous studies showed inoculation with L. buchneri resulted in higher DM losses 
of silage during fermentation probably due to higher formation of CO2, when lactic 
acid is converted to acetic and 2-propanediol (Driehuis et al. 2001; Oude Elferink 
et al. 2001). 
 
The L. buchneri was added to both forages at 106 CFU/g forage. The number of 
epiphytic LAB of meadow fescue and ryegrass were 106 and 107 CFU/g forage, re-
spectively.  
 
4.2  Silage fermentation characteristics  
 
The ryegrass and meadow fescue silages pH are in Table 2 and 3 respectively. For 
both ryegrass and meadow fescue the inoculated silages had higher pH than the un-
inoculated. In both silages, Harsh treatment resulted in the lowest silage pH. On the 
other hand, pH of ryegrass silages produced with inoculation plus Harsh treatment 
was lower than silages produced with inoculation alone or inoculation-plus-Mild 
treatments. From these results it can be speculated that in latter two treatments, the 
inoculant dominated the fermentation. The L. buchneri is a heterofermentative LAB 
with ability to produce both lactic acid and acetic acid as well as converting lactic 
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acid to acetic acid, which resulted in a higher silage pH. This is in agreement with 
the trial conducted on ryegrass silage treated with L.buchneri alone which had 
higher pH (Driehuis et al. 2001; Oude Elferink et al. 2001). On the other hand, it 
seems that when the inoculation was accompanied by Harsh treatment, the epiphytic 
LAB dominated the fermentation. This could be because the Harsh treatment re-
sulted in a faster release of silage substrate, by which, epiphytic LAB overtook the 
fermentation. In all treatments, silages had generally a low pH, which suggests that 
fermentation was successful.  
 
There was no treatment effect on pH values after 96 h of in vitro incubation in both 
ryegrass and meadow fescue silages. The pH level during incubation is influenced 
by the quantity of organic acids produced and composition of the buffer. In the pre-
sent study, the pH values of the incubation fluid were almost neutral (7.2 -7.3), in-
dicating that rumen microbes functioned normally during 96 h incubation. 
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Table 2. Chemical composition (g/kg dry matter) of ryegrass silage together with 
estimated DM loss during ensiling (n=3). Values are least square means ±SEM. 
 
Treatments Variables  
DM 
(g/kg) 
Ash OM pH DM loss 
Inoculation (I)      
Inoculated 
 
336b 133a 867b 4.58a 75 
None 
 
345a 130b 870a 4.30b 62 
SEM 
 
1.70 0.63 0.63 0.02 10.80 
Mechanical treatment (M) 
    
None 
 
344a 129b 871a 4.56a 49 
Harsh 
 
334b 135a 865b 4.31c 81 
Mild 
 
343a 130b 870a 4.44b 76 
SEM 
 
2.09 0.78 0.78 0.02 13.20 
                  I ×M 
Inoculated None 340 131 869 4.72a 63 
Inoculated Harsh 331 137 863 4.39bc 90 
Inoculated Mild 338 131 869 4.62a 72 
None None 348 127 873 4.41b 36 
None Harsh 337 133 867 4.23c 72 
None Mild 348 128.0 872 4.26bc 80 
SEM  2.95 1.10 1.10 0.03 19 
P value  
     
I  0.006 0.002 0.002 <0.001 0.430 
M  0.009 <0.001 <0.001 <0.001 0.234 
I×M  0.840 0.964 0.964 0.030 0.631 
 
 
Mild=pounding with a metal rod, Harsh = mincing with a meat mincer, DM =dry 
matter, OM =organic matter. Values not sharing a superscript within a column are 
different (p < 0.05) 
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Table 3.  Chemical composition (g/kg dry matter unless otherwise stated) of 
meadow fescue silage together with estimated DM loss during ensiling (n=3). Val-
ues are least square means ±SEM. 
 
Treatments Variables  
DM 
(g/kg) 
Ash OM   pH DM loss 
Inoculation (I)      
Inoculated 344 132 868 4.59a 101±4.74 
None 
 
346 131 869 4.39b 13±3.9 
SEM 
 
3.97 0.46 0.46 0.02 
 
Mechanical treatment(M)      
None 
 
347 132 868 4.62a 16 
Harsh 
 
340 132 868 4.36c 91±6.01 
Mild 
 
348 131 869 4.49b 10 
SEM 
 
4.86 0.57 0.57 0.02 5.38 
                 I×M     
Inoculated None 348 134a 866 4.72 17 
Inoculated Harsh 336 132ab 868 4.42 31 ± 9.31 
Inoculated Mild 348 130b 870 4.61 10 
None None 345 131ab 869 4.52 16 
None Harsh 345 132ab 868 4.30 14 
None Mild 349 132ab 868 4.37 11 
SEM  6.88 0.80 0.80 0.03 7.60 
P value       
I  0.698 0.403 0.403 <0.001 0.594 
M  0.470 0.149 0.149 <0.001 0.623 
I×M  0.655 0.032 0.032 0.271 0.738 
 
Mild=pounding with a metal rod, Harsh = mincing with a meat mincer, DM =dry 
matter, OM =organic matter. Values not sharing a superscript within a column are 
different (p < 0.05). 1Observations had missing values. 
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4.3 The effect of treatments on NDFD 
 
The pre in vitro incubation NDF content of ryegrass silage (Table 4) was not af-
fected by treatments whereas the NDF content in the post in vitro incubation of the 
inoculated silage were greater than the un-inoculated. The NDF concentration of 
meadow fescue silage samples pre and post in vitro incubation (Table 5) did not 
differ among treatments. In general, there was no treatments effect on NDFD of both 
ryegrass and meadow fescue silage samples. In the ryegrass trial, within inoculation-
plus-Harsh treatment, one replicate was lost during post-incubation filtration. In the 
meadow fescue trial, for unknown reason, one of the replicates of inoculation-plus-
Mild and one of the replicates of inoculation-plus-Harsh had considerably lower 
NDFD than the other replicates (10 and 6 times, respectively) and were thus re-
moved from analysis.  
In the current study, for unknown reason the mechanical treatment had no signifi-
cant effect on fibre digestibility of the silage samples. However previous studies 
confirmed that fibre digestibility of grass-clover silage  physically treated prior to 
ensiling was improved (Weisbjerg et al. 2018). This could be due to the physical 
damage of the cell wall of the silage that gave a chance to rumen microorganisms 
to directly adhere to the fibre (Hong et al. 1988). 
 
 In this study, the forages had high levels of epiphytic LAB. Grasses usually have 
low counts of epiphytic LAB (Mogodiniyai Kasmaei et al. 2015) but here, this was 
not the case. It is very likely that thawing of the frozen forages resulted in the release 
of forage substrates and this in turn triggered growth of epiphytic LAB during wilt-
ing. In the ryegrass trial, as it was mentioned above, it seems that the inoculant 
dominated the fermentation when it was applied alone, however, in this treatment, 
there was no effect on NDFD. This is in line with our starting hypothesis that the 
FAE produced does not reach target linkages between lignin and hemicellulose and 
therefore application of mechanical treatments is needed. However, when we ap-
plied the harsh mechanical treatments, it seems that the inoculant did not dominate 
fermentation in the ryegrass silage and thus, there was no effect on NDFD. In con-
trast to our trial, previous studies by Nsereko et al. (2008) and Addah et al. (2012) 
confirmed inoculation of grass or barley with FAEI at ensiling improved ruminal 
NDFD of silages through increasing the content of potentially degradable NDF por-
tion in the silage. 
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 It should be taken into account that the NDFD values obtained here may not reflect 
on the true NDFD values of these forages. The procedure we used is not a standard 
NDFD assay and therefore data generated are only to compare the effect of treat-
ments within each forage type and not across forages.   
 
 
Table 4. Neutral detergent fibre (NDF) pre and post in vitro incubation together 
with NDF digestibility (NDFD) of ryegrass silage (n=3). Values are least square 
means ±SEM and unit is g/kg dry matter.  
 
Treatments Variables 
 
Pre-incubation 
NDF 
Post-incubation 
NDF 
NDFD 
Inoculation (I) 
   
Inoculated 
 
696 2011±5.87a 7111±9.14 
None 
 
690 180±5.43b 738±8.46 
SEM 
 
13 
  
Mechanical treatment(M) 
   
None 
 
692 187 729 
Harsh 
 
703 1991±7.44 7181±11.60 
Mild 
 
685 187 726 
SEM 
 
15.90 6.65 10.40 
                  I×M 
   
Inoculated None 718 196 727 
Inoculated Harsh 704 2111±11.5 7011±18 
Inoculated Mild 666 197 704 
None None 666 179 730 
None Harsh 702 186 735 
None Mild 703 176 749 
SEM 
 
22.50 9.41 14.70 
P value 
    
I  0.749 0.023 0.051 
M  0.709 0.451 0.782 
I×M  0.183 0.923 0.379 
 
Mild=pounding with a metal rod, Harsh=mincing with mincer. Values not sharing 
a superscript within a column are different (p < 0.05). 1Observations had missing 
values. 
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Table 5. Neutral detergent fibre (NDF) pre and post in vitro incubation together 
with NDF digestibility (NDFD) of meadow fescue silage(n=3). Values are least 
square means ±SEM and unit is g/kg dry matter. 
 
Treatments Variables 
 
Pre-incubation 
NDF 
Post-incubation 
NDF 
NDFD 
Inoculation(I) 
   
Inoculated 
 
715 3581±19.60 4961±27.90 
 
None 
 
712 335±17.00 530±24.20 
SEM 
 
8.03 
  
Mechanical treatment(M) 
   
None 
 
704 346±20.80 508±29.60 
Harsh 
 
719 3381 5311 
Mild 
 
719 3561 5021 
SEM 
 
9.84 23.20 33.10 
                     I×M 
   
Inoculated None 695 370 466 
Inoculated Harsh 715 3351±36.00 5341±51.20 
Inoculated Mild 736 3701±36.00 4891 ±51.20 
None None 712 321 549 
None Harsh 723 341 528 
None Mild 703 341 515 
SEM 
 
13.90 29.40 41.80 
P value 
    
I  0.791 0.383 0.379 
M  0.461 0.869 0.812 
I×M  0.204 0.684 0.609 
 
Mild=pounding with a metal rod, Harsh=mincing with mincer, Values not sharing 
a superscript within a column are different (p < 0.05). 1Observations had missing 
values. 
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4.4 Gas production from ryegrass and meadow fescue 
silages 
 
Cumulative gas production data over the course of 96 h incubation of ryegrass and 
meadow fescue silages are presented in Tables 6 and 7, respectively. There was a 
large variation within replicates of each treatment and as a result, we could not de-
tect the effect of treatments, if any, on gas production. The total gas volumes pro-
duced from the untreated control, inoculation-plus-Mild and inoculation-plus-Harsh 
treatments in the meadow fescue trial became negative after correction for contri-
bution from the incubation medium. It can be speculated that substrates in these 
treatments had some kind of unknown inhibitory effect on microbial degradation. 
One likely reason for the large variation within each treatment could be the total 
volume of incubation medium (i.e. 50 mL) used was small and as a result, the gas 
produced was not adequate for the Gas Endeavor machine to accurately measure the 
gas.    
 
. 
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Table 6. Gas volume (mL) (mean±SEM) from ryegrass silage (n=2) during 96 h in 
vitro incubation with buffered rumen liquid. Gas from buffered rumen liquid with-
out substrate (n=2) was used as baseline. 
Treatments Hours  
12h 24h 48h 72h 96h 
Inoculation(I) 
     
Inoculated 
 
1.65 4.35 10.15 16.45 16.98 
None 
 
0.00 2.18 11.12 15.65 15.85 
SEM 
 
1.77 2.68 3.97 4.96 5.00 
Mechanical treatment(M) 
     
None 
 
0.67 4.85 16.85 22.87 22.88 
Harsh 
 
-1.42 -0.47 3.13 7.17 7.98 
Mild 
 
3.22 5.42 11.92 18.10 18.4 
SEM 
 
2.17 3.28 4.86 6.08 6.12 
            I× M 
     
Inoculated None 2.70 8.10 20.20 24.90 24.9 
Inoculated Harsh -0.20 0.70 2.80 8.80 10.4 
Inoculated Mild 2.45 4.25 7.45 15.65 15.65 
None None -1.35 1.60 13.50 20.85 20.85 
None Harsh -2.65 -1.65 3.45 5.55 5.55 
None Mild 4.00 6.60 16.40 20.55 21.15 
SEM 
 
3.07 4.64 6.87 8.59 8.66 
 
Mild=pounding with a metal, Harsh=mincing with mincer 
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Table 7. Gas volume (mL) (mean±SEM) from meadow fescue silage (n=2) during 
96 h in vitro incubation with buffered rumen liquid. Gas from buffered rumen liquid 
without substrate (n=2) was used as baseline. 
 
Treatments Hours  
12h 24h 48h 72h 96h 
Inoculation(I) 
     
Inoculated 
 
-0.55 -0.18 0.05 0.27 0.88 
None 
 
-2.47 -1.73 0.22 2.42 4.80 
SEM 
 
1.10 1.33 2.26 3.50 4.08 
Mechanical treatment(M) 
     
None 
 
-2.58 -2.03 -1.68 -1.33 -0.40 
Harsh 
 
-2.25 -1.98 -1.47 -0.97 1.35 
Mild 
 
0.30  1.13 3.55 6.33 7.58 
SEM 
 
1.35 1.62 2.77 4.28 5.00 
I × M 
     
Inoculated None 3.85 4.80 5.15 5.50 7.35 
Inoculated Harsh -2.65 -2.5 -2.15 -1.85 -1.85 
Inoculated Mild -2.85 -2.85 -2.85 -2.85 -2.85 
None None -9.00 -8.85 -8.50 -8.15 -8.15 
None Harsh -1.85 -1.45 -0.80 -0.10 4.55 
None Mild 3.45 5.10 9.95 15.50 18.00 
SEM 
 
1.91 2.30 3.92 6.06 7.07 
Mild=pounding with a metal, Harsh=mincing with mincer.  
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5  Conclusion 
 
Inoculation with L. buchneri increased silage pH but mechanical treatments reduced 
the silage pH. In the ryegrass trial, it seems that the inoculant dominated the fermen-
tation when applied alone but when the inoculation was combined with harsh me-
chanical treatment, the inoculant was unsuccessful to dominate the fermentation. 
FAEI alone or along with mechanical treatment had no effect on NDFD of ryegrass 
and Meadow fescue silages. 
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